Neuroblastoma is the most common extracranial solid tumor in infants and young children. Current treatments are not always effective and new therapies are needed. We examined efficacy of combination of the small molecule Bcl-2 inhibitor HA14-1 (HA) and the dietary isoflavonoid apigenin (APG) in human malignant neuroblastoma cells. Dose-response studies indicated that treatment with HA and APG for 24 h synergistically reduced cell viability in human malignant neuroblastoma SK-N-DZ, SH-SY5Y, and IMR32 cells. For further studies, we selected SK-N-DZ cells that showed the highest sensitivity following treatment with 2.5 μM HA, 100 μM APG, or combination (2.5 μM HA + 100 μM APG). Wright staining showed increase in morphological features of apoptosis. Cell cycle distribution and Annexin V assay showed that combination therapy caused more apoptosis than either treatment alone. Western blotting revealed that combination therapy down regulated angiogenic factors and also induced extrinsic pathway of apoptosis with activation of caspase-8 for Bid cleavage to tBid. Alterations in Bax and Bcl-2 levels resulted in an increase in Bax:Bcl-2 ratio to activate intrinsic pathway of apoptosis with mitochondrial release of cytochrome c into the cytosol and activation of proteases. Increases in calpain and caspase-3 activities generated 145 kD spectrin break down product (SBDP) and 120 kD SBDP, respectively. Results showed that combination of HA and APG could be used for down regulation of angiogenic factors and activation of extrinsic and intrinsic pathways of apoptosis in malignant neuroblastoma cells.
Introduction
Neuroblastoma is the most common extracranial solid tumor in childhood, accounting for approximately 15% of the total pediatric oncology deaths [1] . Neuroblastoma begins from any neural crest element of the sympathetic nervous system and mostly occurs in one of the adrenal glands but it can also occur in neck, chest, abdomen, and pelvis [1] .
Bcl-2 is a potent suppressor of apoptosis [2] and Bcl-2 mediated resistance to chemotherapy is a major problem in neuroblastoma [3, 4] . The small molecule HA14-1 (henceforth called HA) is a cell-permeable, non-peptide apoptosis-inducer that binds to and inactivates Bcl-2 [5] . This small molecule induces translocation of Bax from cytosol to mitochondria and cells deficient in Bax exhibit resistance to HA, suggesting that Bax is essential for HA mediated apoptosis [5] . HA sensitizes the Bcl-2 overexpressing cancer cells to apoptosis in a number of malignancies such as colon [6] , leukemia [7] , prostate [8] , and breast [9] cancers.
Phytochemicals including flavonoids and isoflavonoids are abundantly found in nature and have been highly regarded for their anti-tumor effects on multiple human malignancies [10] . Dietary isoflavonoids including apigenin (henceforth called APG) may play a role in modulating a number of key elements in cellular signal transduction pathways in cancers [11] . APG showed dose-dependent and time-dependent cytotoxicity, G2/M arrest, and activation of caspase-9 and caspase-3 in esophageal squamous cell carcinoma KYSE-510 cells [12] and activation of caspase-7, caspase-10, caspase-9, and caspase-3 in HepG2 cells [13] for apoptosis. APG activates caspases in breast cancer MDA-MB-453 cells [14] and causes G 2 /M arrest in breast cancer SK-BR-3 cells due to upregulation of p53, p21, and Bax for apoptosis [15] . Further, APG down regulated NF-κB and increased Bax:Bcl-2 ratio in prostate cancer LNCap cells [16] and it also down regulated Bcl-2 and VEGF in prostate cancer PC-3 cells [17] for apoptosis. The cytotoxicity of APG is partly due to decrease in anti-apoptotic Bcl-xL and Bcl-2 levels and increase in pro-apoptotic Bax level for caspase activation in prostate cancer 22Rv1 cells [18] , indicating that down regulation of antiapoptotic Bcl-2 proteins potentiates APG effects for apoptosis.
In this study, we showed synergistic efficacy of combination of HA and APG in three malignant neuroblastoma cell lines. Our results indicated that combination therapy was more efficacious than monotherapy to induce apoptosis through activation of both extrinsic and intrinsic pathways in SK-N-DZ cells.
Materials and methods

Cell Culture and drugs
Human malignant (neuroblastic or N-type) neuroblastoma SK-N-DZ (amplified N-Myc and wild-type p53), SH-SY5Y (single copy N-Myc and wild-type p53), and IMR32 (amplified N-Myc and wild-type p53) cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and grown separately in 75-cm 2 flasks containing 10 ml of DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT) and 1% penicillin and streptomycin (GIBCO-Invitrogen, Grand Island, NY) at 37°C in a fully-humidified incubator containing 5% CO 2 . Prior to drug treatments, cells were starved in DMEM containing only 1% FBS for 24 h. HA (Tocris Bioscience, Ellisville, MO) and APG (Sigma-Aldrich) were purchased and dissolved in dimethyl sulfoxide (DMSO) to make stock solutions and aliquots were stored at −20°C until ready to use.
MTT assay for dos-response and cell viability
Dose-response studies were conducted by MTT assay using 1×10 4 cells in 100 μl medium per well in a 96-well plate and growing at 37°C in an incubator with 5% CO 2 . Drugs were added at various concentrations (alone or in combinations and 1 h time interval was given in between two drugs in case of combination treatment) to the wells and incubated for 24 h. MTT solution (10 μl of 5 mg MTT/ml) was added to all wells and incubated for 4 h at 37°C.
Then, 100 μl of DMSO was added to each well to dissolve the formazan (MTT metabolic product) and optical density (OD) was read at 570 nm. Cell viability data were analyzed using Compusyn software (ComboSyn, Paramus, NJ) to generate a combination index (CI). Conventionally, CI >1 indicates antagonism, CI = 1 indicates additive effect, and CI < 1 indicates synergism at effective dose (ED).
Wright staining for analysis of morphological features of apoptosis
For detection of morphological features of apoptosis, cells from each treatment were washed with PBS and were sedimented by using centrifuge Eppendorf 5804R (Brinkmann Instruments, Westbury, NY, USA) at 106 g for 5 min. Cells were fixed with 95% ethanol before Wright staining. Morphology of apoptotic cells were examined under the optical microscopy.
Cell cycle analysis
Following treatment, cells were collected by trypsinization and centrifugation, then washed with PBS, and fixed with 70% ethanol. Cells were labeled with propidium iodide (PI) solution (0.05 mg/ml PI, 2 mg/ml RNase A, 0.01% Triton X-100 in PBS) and incubated for 30 min at room temperature in darkness. Cell cycle (DNA content) was analyzed using an Epics XL-MCL Flow Cytometer (Beckman Coulter, Fullerton, CA).
Determination of apoptosis by flow cytometry
Following treatments, attached and detached cells were harvested, washed with cold PBS, resuspended in 1× binding buffer (0.1 M HEPES/NaOH, pH 7.4, 1.4 M NaCl, 25 mM CaCl 2 ), stained with Annexin V-FITC/PI staining kit (BD Biosciences, San Jose, CA) and incubated for 15 min at room temperature in darkness. Cells were analyzed using an Epics XL-MCL Flow Cytometer (Beckman Coulter).
Protein extraction and Western blot analysis
Western blotting was used for analyzing specific proteins. Briefly, total protein samples from cells were denatured, and loaded onto the SDS-polyacrylamide gradient (4-20%) gels (Bio-Rad, Hercules, CA), resolved by electrophoresis, and electroblotted to membranes. The blots were incubated with a primary IgG antibody followed by incubation with an alkaline horseradish peroxidase (HRP)-conjugated secondary IgG antibody. Specific protein bands on the blots were detected by HRP/H 2 O 2 catalyzed oxidation of luminol in alkaline condition using enhanced chemiluminescence (ECL) system (GE Healthcare Bio-Sciences, Piscataway, NJ) followed by autoradiography. Autoradiograms were scanned on a UMAX PowerLook Scanner (UMAX, Fremont, CA) using Photoshop software (Adobe Systems, Seattle, WA), and OD of each band was determined using NIH Image software.
Statistical analysis
Results were analyzed using Minitab® 15 Statistical Software (Minitab Inc., State College, PA). Results were expressed as mean ± standard error of mean (SEM) of separate experiments (n≥3) and compared by one-way analysis of variance (ANOVA) followed by Fisher's post hoc test. Difference between two treatments was considered significant at * p<0.05 or ** p<0.001.
Results
Effect of treatments on cell viability
Various doses of HA and APG were used as monotherapy and combination therapy to examine treatment efficacy in decreasing cell viability in SK-N-DZ, SH-SY5Y, and IMR32 cells (Fig. 1) . Combination of HA and APG dose-dependently decreased the cell viability (Fig. 1A) . Synergistic effect of HA + APG was confirmed in SK-N-DZ (CI = 0.133 at ED 50 ), SH-SY5Y (CI = 0.05 at ED 50 ), and IMR32 (CI = 0.37 at ED 50 ) cells (Fig. 1A) . Notably, SK-N-DZ cell line exhibited maximum efficacy in reducing cell viability following treatment with 2.5 μM HA, 100 μM APG, or 2.5 μM HA + 100 μM APG. We selected above doses of the drugs and SK-N-DZ cell line for further experiments.
Wright staining for morphological features of apoptosis
Wright staining was used to evaluate morphological features of apoptosis in SK-N-DZ cells following treatments with HA, APG, and HA + APG (Fig. 1B) . Wright-stained cells under the light microscope showing morphological features such as cell shrinkage, chromatin condensation, and membrane blebbing indicated apoptotic death. Treatment with 2.5 μM HA + 100 μM APG maximally induced morphological features of apoptosis in SK-N-DZ cells (Fig. 1B) .
Cell cycle analysis
We performed flow cytometry following treatments with HA, APG, and HA + APG in SK-N-DZ cells to observe whether the apoptotic death occurred due to any alteration in the cell cycle (Fig. 2) . We found a marked change in cell cycle distribution when compared with control cells. Flow cytometric analysis of cell cycle demonstrated that HA + APG accumulated more subG1 apoptotic population than monotherapy in SK-N-DZ cells ( Fig.  2A) .
Annexin V-FITC/PI analysis
Annexin V-FITC/PI double labeling technique was used to distinguish necrotic (A2) and apoptotic (A4) death in SK-N-DZ cells after the treatments (Fig. 2B) . Combination therapy was more effective in inducing apoptotic death than monotherapy (Fig. 2B) . Annexin V-FITC/PI assay confirmed that mode of cell death was exclusively apoptosis due to accumulation of only Annexin V-positive/PI-negative (early apoptotic) population maximally after combination therapy (Fig. 2B) .
Combination therapy inhibited expression of angiogenic factors
Vascular endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR) are highly overexpressed in neuroblastoma to promote angiogenesis and tumor progression, respectively. We employed Western blotting to elucidate the anti-angiogenic and anti-tumor effects of HA + APG in SK-N-DZ cells (Fig. 3) . Expression of β-actin was used as a loading control (Fig. 3A) . We found strong suppression of expression of both VEGF and EGFR in SK-N-DZ cells following combination therapy (Fig. 3A) .
Combination therapy induced activation of caspase-8 and cleavage of Bid to tBid
We examined the changes in apoptosis related proteins in SK-N-DZ cells after treatments (Fig. 3A) . We found activation of caspase-8 in generation of 20 kD active caspase-8 fragment, which cleaved 22 kD Bid to 15 kD tBid (Fig. 3A) for mitochondrial translocation to trigger apoptosis.
Combination therapy induced apoptosis with an increase in Bax:Bcl-2 ratio
We examined the levels of expression of Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) proteins (Fig. 3B) to determine the changes in Bax:Bcl-2 ratio (Fig. 3C ). Cells treated with HA + APG showed an increase in Bax expression and a decrease in Bcl-2 expression (Fig.  3B) . We performed densitometric analysis to determine the Bax:Bcl-2 ratio (Fig. 3C ). The Bax:Bcl-2 ratio was significantly increased after treatment with HA + APG, indicating involvement of mitochondrial events as well for apoptosis.
Combination therapy caused release of cytochrome c from mitochondria and activation of caspase-3
We examined the cytosolic cytochrome c and caspase-3 levels (Fig. 4) . Treatment with HA + APG caused an increase in cytosolic cytochrome c and activation of caspase-3 (Fig. 4) . Caspase-3 causes cleavage of various cellular substrates and induces morphological and biochemical features of apoptosis including cell shrinkage, DNA fragmentation, chromatin condensation, membrane blebbing.
Combination therapy activated calpain and increased calpain and caspase-3 activities for α-spectrin degradation
We also determined activation of calpain, a major pro-apoptotic cysteine protease, in neuroblastoma SK-N-DZ cells following treatments with HA, APG, and HA + APG (Fig. 4) . Calpain and caspase-3 activities are known to be activated simultaneously in course of apoptosis. So, we assessed calpain and caspase-3 activities in the formation of calpainspecific 145 kD spectrin breakdown product (SBDP) and caspase-3-specific 120 kD SBDP, respectively, in SK-N-DZ cells (Fig. 4) . We found increases in 145 kD SBDP and 120 kD SBDP following combination therapy indicating increases in activities of calpain and caspase-3, respectively, in SK-N-DZ cells.
Discussion
In this study, we demonstrated for the first time that combination of HA and APG worked synergistically to reduce cell viability in human malignant neuroblastoma SK-N-DZ, SH-SY5Y, and IMR32 cells. Morphological and biochemical studies indicated that combination of HA and APG caused more apoptosis than either treatment alone in SK-N-DZ cells. Previous studies reported induction of dose-dependent cytotoxicity and apoptosis by HA in leukemia [2] and glioblastoma [19] and by APG in HepG2 [13] , prostate cancer 22Rv1 [18] , and esophageal squamous cell carcinoma KYSE-510 [12] cells. Combination of APG with gemcitabine in pancreatic cancer [20] and retinoic acid with genistein in neuroblastoma [21] showed better efficacy than single drug in inhibiting cell viability and inducing apoptosis.
The massive accumulation of cells in subG1 phase and Annexin V-FITC/PI binding assay showed the mode of cell death was apoptosis and not necrosis. Earlier reports demonstrated that APG caused G2/M arrest for apoptosis in breast cancer SK-BR-3 cells [15] . Combination of APG with gemcitabine induced apoptosis due to cell cycle arrest in pancreatic cancer cells [20] . A previous study also used Annexin V-FITC/PI assay to report that APG induced apoptosis in prostate carcinoma PC-3 cells [17] .
We found that combination of HA and APG inhibited expression of VEGF and EGFR. As a potent inducer of angiogenesis, VEGF is associated with cancer cell proliferation, migration, and vascular permeability and it is overexpressed in neuroblastoma [22] . Elevated EGFR is involved in cancer development and progression [23] . VEGF mediated upregulation of Bcl-2 is associated with decreased apoptosis in neuroblastoma cells [24] . APG suppresses EGFR in thyroid cancer cells [25] and inhibits VEGF in prostate carcinoma PC-3 cells [17] .
Combination therapy worked via extrinsic pathway through Bid cleavage to tBid in SK-N-DZ cells for apoptosis. This finding is correlated with previous reports where APG activated caspase-8 in breast cancer [14] and prostate cancer [26] cells for apoptosis. Caspase-8-dependent cleavage of Bid to tBid provides a link between extrinsic and intrinsic pathways of apoptosis.
Levels of expression of Bcl-2 family proteins regulate the commitment of cells to apoptosis [27] . Levels of expression of the pro-apoptotic Bax and the anti-apoptotic Bcl-2 proteins were altered resulting in significant increase in Bax:Bcl-2 ratio after combination therapy. This observation is in agreement with the earlier studies demonstrating that HA prevents Bcl-2 interaction with Bax to cause apoptosis in glioblastoma cells [19] and APG increases Bax and decreases Bcl-2 expression leading to an increase in Bax:Bcl-2 ratio in prostate [16, 18] and neuroblastoma [28] cells. Increased Bax:Bcl-2 ratio could trigger the mitochondrial release of pro-apoptotic factors into the cytosol [29, 30] for apoptosis via intrinsic pathway.
The Bcl-2 family proteins regulate the release of cytochrome c from mitochondria [30] . Mitochondrial release of cytochrome c into the cytosol is a pre-condition for activation of caspases for apoptosis through intrinsic pathway [30, 31] . Western blotting showed that combination therapy caused activation of caspase-3. This finding is correlated with previous studies showing that APG induces apoptosis in human prostate cancer [18] and neuroblastoma [28] cells due to activation of caspase-3 and cleavage of specific substrate [32] .
The Ca 2+ -dependent cysteine protease calpain plays an important role in apoptosis [33] . We also found an increase in calpain expression following combination therapy. Co-operation between calpain and caspase-3 has previously been demonstrated in apoptosis [34] . Increased calpain and caspase-3 activities can cause cleavage of 270 kD α-spectrin at specific sites to generate 145 kD SBDP and 120 kD SBDP [33] , respectively. We found increases in calpain and caspase-3 activities in SK-N-DZ cells for apoptosis.
In conclusion, our results showed that combination of HA and APG worked synergistically in reducing cell viability in malignant neuroblastoma cells and suppressed expression of angiogenic factors and activated both the extrinsic and intrinsic pathways for increasing apoptosis in SK-N-DZ cells. 
